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LIS? OF SYMBOLS USED 





Tunnel free stream velocity (ft./sec.) 
° 


Tunnel static pressure Giemnte” ) 
Tunnel air density (slugs/ft.*) 

Tunnel absolute viscosity (slugs/ft.sec.) 
Tunnel static temperature (9n) 

Model maximum diameter (ft.) 

Jet diameter at the throat (ft.) 

wet Sta-mation oressure (1bs./ft.?) 


Jet air density Gsianve fits) 


mictvabcolute vViscocity (stuegs/ft.sec.) 


Jet velocity at the throat (ft./sec.) 
Jét stagaation temperature (°R) 

Static oressure on the body ine. /Tt.”) 
Local speed of sound at the jet throat 
Gas constant, 1715 ft.?/sec.2 °F 
moruomot Speext iC feats of gir, 1.400 


Angle around body measured from top of 
body in degrees 


Mess flux from the jet (slugs/sec.) 
Moment coefficient about the center of 
Weoveely VN idere bone icCenver Ofreravity is 
essumed to be on tne side-jet centerline 
Normal force coefficient 


Pras  coeriiclent 


Angle of attack (degrees) 





CUMMARY 


An exnperisental investigation was conducted to deter- 





mine the effect of = side control jet upon the aormal force, 


Gres, end moment about the center of gravitysof a cone- 
Berucer type of body in &@ supersonic stream. The jet 
issued perpendiculér to the longitudinal axis of the body 
eee Was assumec to be located et the center-of~grevity of 
the body. The effect of this jet vos investigéeted as a 
function of pressure ratio (jet stagnation pressure to 
Memiel static vressure), angle of atteck, end jet throat 
Giameter. Investivations vere made ét é& constant tunnel 
Mach number of 1.90. Various pressu.e ratios of the jet 
(P,/P,) were used, but only two angles of attack and two 
feweenroat Clameters were used for the investigation. 

Normal force aid drag increased as «= resuit of the 
Side jet action on the vsressure distribution around the 
body, end a moment wes created about the center-of-gravity 
oi the body. 

This investigation was conducted at tne University of 


Miehigen Supersonic Wind Tunnel in April 1950. 








INTRODUCTION 


If a supersonic jet were to issue pernendiculzrly into 





e suoersonic stream flowing past tne jet, an aerodynemic 
Gisturbence would pve creeted in the supersonic strvem. In 
order to investigate tne magnituce of this Cisturbence, two 
possible experimentai methods were considered. The first 
GConsisted of allowin, a sutersuonic jet, having its exit 
Meee with the tunnel weil of the test sectidn, to issue 
perpendiculariy to the streai of « surersoniec wind tunnel. 
fee second consisted of slacine <« body Gm tm test section 
of a supersonic wind tuniucl end elloving 4 supersonic jet, 
Weving its exit flusn with the body surfece, to issue per- 
fme@eeculerly to the streem. Tne first metfiod was disczraed 
imamorder to @void the bound@ry tayer puild-up elone tne 
tunnel wall (hef. 1.). Tie second nethod ves crosen for 
tWo reasons. First, the poundery 1ayer puild=-up along 
eeewcy BOUlc ve seell, a@s comoared to tie first wetnod. 
cecond, it permitted a tnree dimensiond: sinilerity to a 


Meee rn sctual flight thet @ovld maxe use of 4 side control 


Dove eCieeen t= seCendsnetiiod, =n invesctietion fas 
undertixen in &@ susersonic wind tunnel. This investigation 
wus mede to aqetermine tne trend of the aerodynemic effect 


of a side control jet on the normel force, drug, end moment 








= center of gravity of a suoersonic body (center of 


assumed on the centerline of the side jet). In 


Order to “xeepminis investigation siniler to conditions 





Met bie.t, Vnere eerodyndm.c effects vould oe Pelt wae 

Was decided to sinuiste as closely as dossible the condi- 
tions exoserienced from cixty to one wundred thousana feet: 

Pt wus essumed tnut below sixty thousand Rents Sea 
Control surface vould ve sufficient for any required man- 
euverins; tnerefors, the side control jet vould nut be needed, 
Acove one nundred tnousei1a feet aerodynamic effects are so 
Memes t) CC Heeli®ipnls ena any disturbunce created by the 
Meewoviad also be nezligitie. The concitions existing be- 
Meee LY <.lG One Mundarad thousena feet were considered, 
Meere: ore, aS u guide for this investizyation. 

Mars cA oriivent wee cy.cucteu et tie Cniversitl of 
Meese) -LuNereOnic wind tunnel in Avril, 1959. 

The egutuors visu to exores. tneir enoreciation for 
Meee 1ce «nn Coonxeréetion, to »srofessor M. V. Morkovin ho 
suegested te oroblem as outlined in hef. 2., end acted as 
meee vardvisor;9@. b. |. Garby vho ezidec in taking the 
snadowsraphs, and otherwise facilitéeted the prosram; Mr. 
See LCL ft Mo Wr. A. Fidh wrose nelp was invaliable 


Guringe the tunnel onersétion. 











Tne vroplex of determining vnat happens to the normal ; 


force, drag, enc moment of a body, mukiny, use of diside con- 
moor jet, Was first attackec by the use of dimensional 
Meeiysis. (Ref. 2. or 4.). The chief Cie in tne use 
of dimensional inalysis is that it deals directly with the 
independent variables or Cimensionless pérameter of the 
problem without a complete solution being «nown. Theat is, 
tne number of variéble quantities may be reduced from n 
Pome —- m) if n is the numbé@r of physical quantities, am 
m tne number of fundamental units such as mass, length, 
time, anc temperature. Thke use of dimensional analysis 
4S a ¢vice for experiments witn models, such as undertexken 
in this analysis, is extremely voiuable. 

menee it is **novn that the normei force, drag, dnd 
moment of - tbody is directly connected to the pressure 
Geer soution over the cody, it ét once becoites epparent 
thet body pressure (Py) is tne principle dependent variable. 
The problem now becomes one of determining ail tne so-called 
secondary, or indepencent, variables that characterize the 
flow end influence P},. That is, a functionai relationship 


must be found between an and these secondary veriebles. 
The composite flow for é given angie of attieck is character- 


ized by the following veric»les: (see list of symbols) 


Bee, Piya, 61> 5, 2, P,, Py, Aj: 


U 






j? Tys 








That is: 
Ph = f(T, Ur» Pir Aa, Pi, dD, & Py A465» P yx B52 T) 


Applying the tmeory of dimensional anelysis to the problem 


ena proceeding zs outlined in Ref. @ or 4, the thirteen 
6 
verizoles (n) and four fundementel units \m) will give nine 


@m@eecionless daremeters (n - m). This leads to 


_ i || 2°] 4 ale || | Q) 
Paibaee 


This is not necesserily tine only combination of dimen- 


Sionless peremeters that may be formed. However, any other 
such set cf dimensicnless numbers must be derivable from 
the on= chosen here by multiolication or division with 
Gimensionless nuroers only. For example, a dimensionless 
parameter involving mass flux from the jet tian ; 
G07, 
could become én incenendent perameter if desired. The ex- 
perimental control of such & mass flux parameter, however, 
presented difficuities, so that it was not chosen as an 
independent parameter in the present analysis. Its depen- 


Gence unon the cnosen independent pérameters is as follows: 


FIs) [A] [4] = 25 
ee e) 
The number of parameters in equation (1) was reduced by 
considerations discussed below. 
Considering eguation (1) and the experimental facility 


; the following 
for voerying the eight independent parameters, & 









toe feeteo for tie reasons ,iven: 


2 





\? Mmeorcer to vary AG high temperatures of jet 
air supply vwoulc be required to yzive wn appreciacole 
Verlation to tiis parameter. This was impractical; 
therefore no attempt wes made to very Tg. Before 
; actually running the experiment T, was imvestigated 
under simulated experimental conditions and found 
to be nearly constant. T, Was affected oniy by 
atmospheric temperature and was also essentially 
constent. Therefore, the effect of this parameter 
was not considered, 

This parameter is tne reciprocal of the wind 
tunnel itfach numper, anc as the investigstion vas 
made at one Mech number, this parameter was con- 
stant. 

This paremeter is the wind tunnel Reynolds 
Number besea on the diameter of the body, and as 
only one body was investigated at a single Mach 
number, tnis parameter also coulc not be veried. 

Supersonic speed is méintained in both the 
iwanel wane Unie jel, aia by is constant. Us 1S 
jet tnroat velocity and is equal to ae vhere 
aj = constent x Hix. Ae IT, was essenuimial y 
constant; this parameter will not vary. Care 
was taxen in the desivn that tne smallest con- 

Sei evi On impeie cir supply line to the jet was 


always lerger than the jet throat eérea. 












This peruneter cennot Le varied independently 





as eC; Meme AtecLLON Of ie LPO Une eeu clon om 





stite, vearing in mind tnet T/T, is considered 





eons eon bs. 


As tne gas in oot) the tunnel and the jet is 


); 


a 


peels Ty to con-icerec Constant; this paree 
mete meee il not vary. 
Meee result of tne above con:iderations eyuetion (1) 
recuces to: 
a 7 : 
Pare = © (Baa ).Ca/0) 
Tee Gimensivnal ene_ysis usea avove wus developed for 
Seemwewiisuretion of tre voday. If ve now introduce another 
configuration, by changing the engle of atteck, the dimen- 


jonél anelysis voulc be tl.e seme with the same veriables 


ry) 


Pnvolved; exceot that noW angle of attack (M) must be intro- 
duced és nother independent neremeter. Equation (1) then 
reduces to; | 

Py/P) = f (P,/P)) (d/D)(Q) (2) 

The perameters in equetion (#) are all experimentally 
veriaédie end directly measureble. This eliminuted the neces-— 
Sity of any calcuiztion, such 2s would have been required 
ifveanethiar ohysical qcuentity (for exemple, mass fiux from 
the jet) Med beea measured und P, then determined from this 
meesurement by tne use of one-dimensionél theory. 


Model Desien: 





In cousicering tne wodel design, it was assumed that 





an eirbvorne cr.ft flying at sixty to one-hundred thousand 


. 











feet, and making use of a side control jet (similar to the 


V-2 type power plant) might have the following characteristics: 


(a) Operational altitude 69,000 - 100,090 ft. 
(aye Comtrol side-jet thrust ' 1,500 ~- 2,000 lbs. 


(c) Chamber pressure in side 
control jet 200 — acO0 Dsi. ; 


(da) Exit velocity of side 
control jet Byowo - Gg500 ft./sec. 


(e) Exit temperature of side 
control jet &,000 ~- 4,000 degrees F. 


(f) Totel propellant used by 
side jet Gee. lis./sec. 


(vy) xkatio of jet tnrost diameter | 

to body diameter Oso, — O.15 

With these characteristics in mind & model wes desizned. 
This model consisted of a cone-cylinder combination with é 
foe cone afisle of 20° as shotin in Fig. 1. Various dinen- 
sicns of tne model cre shown on Fig. & This mocel wus chosen 
forwewo reasons. First, because it was representative of the 
tyoe of body i114 whici. a side control jet might be used; and 
seconc, because exnerinental results of pressure cistribution 
on this type of body, naving the same cone angie, were avail- 
momen wer. 5.). The diemeter of the cylindrical yvortion of 
the body wes chosen so es to aveid the possibility of tunnel 
choking. In this connection some concern was felt as to 
whetner the side jet wouid add to tne possibility of choking. 
Fortunately no choking occurred, even when tne jet wes stérted 


before tne tunnel. 












e use of & Stagnation oressure chauber in the model 





to give « direct measurement of Po was decided upon. This 
Choice saved ote Word inf Obtaining ee as other 
metnods proposed involved accuréte metering of the air and 
measurement of T,, from w..icg. P. Wend tleen neve to be cal= 
eae vec. 


Pemmoressec ir irom au Constant pressure reservoir wes 


OG 
ab, 
oe) 


Med into tlic body stagnation chamber throuyh tne etin 
meee inl Fiz. €. Tne compressed air wes controlled and 
mareeted wy @ Cirottling valve in the sir supply line to 
@ive veriations ina Po Cope ceoi rece. we ote tien issued : 
merorer the mozale into tue supersonic stream of tne tunnel. 
Two interckhangzgeeble side jet nozzles were usec. Tnis 
ligited the (c/D) parameter to only two values. One nozzle 
Was Straight with a diameter of 0.216". The other was a 
G@eemerment nozzle of throat diameter of .150", an exit dia- 


Meter o. 0.416", end & 15° Givergehce angle. 


| 
asP 
| 
| 
| 
straight Wozzle Divergent Nozzle 





In order to vary tne three incenpendent parameters (d/D), 
(Py/P]), and (X), runs vere made at A= 0° with tne straight 
nozzle installed, at Oe] 14° itn the stragbnt Hozzle in- 
stulled, end et A = 14° with the divergent nozzle installed. 
An enzle of zettecu of 14° was cllosen as it ras the -reatest 
thet coula be obteined in the tunnel. This wes considered 
Seetiraole in order to daetermine if tl:e side jet would 


Widece senaration at ijn angles of attack. 








Because of the complications of the model construction 
a total of only seventeen orifices was availebdle. These 
were loceted on th= model to cover en are@assumed to be in 
the region influenced by the jet. A removable, adjustable 
orobe wes availebie for investigations of static pressures 
at various locations zwrouna the model and at varyin,;’ distances 
meom tite pody as shovn in Fig. 1. In addition, tufts were 
Meee On tne sodel aurin® several runs to give a visual 
Merce tion of the Tlow péettern acout tne trodel. 


SeevoOorcine [nstruimentction: 





mh echemetic diayrem of tue locetion of tiie various 
MeeeeteeentS usec iS SnovVA in Fig. €. The pressure gage 
(previously calibrated), for measuring stegnation pressure 
in the model chamber, was locétcd veside tine compressed 


Mumeupoly tirottling valve to facilitate throttling te 


a) 


desired stagiction sressures (P,). Stagnetioi temperature 
Cre) wes measured in tne coworessed gir supply line as close 


7 


emooscsi ble to tae cocdel. This welped to minimize changes 


in ste;nation temperature due to line losses in the air 

Omori y line. That portion of tieecir supply Line exposed 

to tne low temperatures in tne tunnel res insulated vita 
Meee Os tO prevent tre lov tunnel temoeratures from effecting 
Ae « recult of tuese precautions, stagnztion temoerature 


a 


eee ir SUdDlYy Wes DruCieigcliy consta@M™t, at the point 
measured, througnouc the exerinent. 
mipauic Oressures [re thie seventeen static presrsure 


Orliices vere reac on t.ie meahoneter voard as suovhh 11 Fie. €. 











eee eee. f. In edcition, two static flow ores- 





Beres Were fea at NOints 1.1 bile tunnel fourteen inches 
eee eat ot ei Mee section centerline. Tnese gave values 
‘ 


Meo fi cite! Procscicre: 


TT A a A a 





tO fee li Cec rnonctMY @oarl vere texen on all 

meee ck. 1) St Omses OCullered bictures were taxen simil- 
moemeolgee Gitd Cisse of tice sicnome ler @iocrd. Tnuic fas done 
Seay? et. ntanegu. . coMdsricon of Tchiieren iha pressure 

See or Sec fbn. Ror compurison wat tie wchlierenis, several 


, oon &- - " - - ne et a a 7 ee e im ie } © 
So wOmy leis se Wore’ 1..cme. 10. ene. os reset reo Very aveileble 


Meer ins «SG ¢.¢ Suncbvscraphs nac tule «i.de in complete 


peti. wee recuceu a—6 Suuvc in “1e section on “famople 
Oeteee el 10ns” ea tabulated in Pesle 1. Tne detu from several 
Dement ere 10t redaucea pr teauvreted veceuse, auring tnese runs, 
peer, Ves Vorvyins Or tic ..aqm@metcr Dourd had not steadied 
ee o& tee tle Paotosr@eohs vere textun. Tue cata in 
eee vere Men olotted in Figs. 4-12, Where P,/P; vs P,/Pq 
mac Olntted for tne various static noressure vrifices. In 
Seeetiniee vie eficct TY UMe Cuongsinge oressures on tne body, 
Pemeeeciy froM tne introivction of tne gice jet, the chanyve 
in oressure, a Pyp/P], ves interzruted in an aoproximate manner 
over tue poby (Figs. L& tnd 14). The cnange in pressure 
Bey Pi wee bm clenge from no jet to kexicum jet. This 


Deoeeeaure ic Outlined in "“fsmole Caelchiations"™. This inte- 








Pp ovemateaoproximate Chance in normcl force, drag, 





end moment about tie center of grévity resulting from the 


side jet. 











In an actual airborne body naving cnaracteristics simi- 


Peet ticse outlined in "Equipment and Procedure™, the 
aa ratio would probably vary froin 150 to 300. The Po/Py 
ratios obtained in this investigation varied from zero to 
fe.0. The resuits of tnis investigation, therefore, will 
show a trend towserd whet mignt be exoected in an actual air- 
borne vody. 

Varlations of oressure ratio (Bee ae over the cody at 
6ach Static vressure orifice (or tap) with variations of 
ee Py eS, sac a/D are sown in Fizs. 4-18, 
General Flow Discussion: 


Pees. 15, 16, 1?’ snom thm agproximate areas on the body 


, 
ai 


effected by mexiumum jet in terus of ereas of low pressure 
(suction) end hivh pressure as compared to the pressure 
em tion Witn no jet actins. These were drawn from 
Figs. 4-l2 ena, while only uporoximate, give a general indi- 
cation of the effects of varying tne ene ie of ener and the 
a/D parameter. 

Figs. 15, 16, and 17 alli show three general pressure 
zones: (1) a narrow band of high oressure on the outer edges 
of tue area affected by tne jet. This band mignt possibly 
be ascociated vitn tne jet snock as it forms around the body. 
(ee PiteeLol Of SUuUCETLON Wuere the jet agperently has a "puro 


Paicotuscwewcreates a 1Oe pressure area extending from just 


Porw4aro Of ti jet exit to tne vicinity of taps 4 and 5. 











(Z) A Aiea pressure zone on tne tall of tne body crobepoly 
eer OonG-mwrecurn Of a2 portion of the jet flowe to the tail 
(discussed below). 

Tnere is strong evidence that efter the jet leaves the 
Meyeatecie jel exit it returns to the body near tne tail. 
Tiis was not exsected as jet flow from a wall orifice normal 
tore subsonic tunnel flow does not return to the well (def. 1) 
ee oerelt tuet tne return of the jet to the body in the 
Meester ivestisation ~s due to the turee cimensioncl espects 
of tue flov. scniieren snoto.zrenns Figs. 16 end 1S show a 
definite line of discontinuity in the jet flow whicn éppeurs 
mem oewreturnils to tne after portion of tne body. This is 
partially confirined by run numvers 4-F2-16, 4-£4-1, end 
qd—-24-17 where uw orobe was located near the top of the body 
at trree different oasitions between the jet and the tail. 
In run numoer 4-22-15, wits the »robe closest to the jet, 
strony viorations of the prove were noted. These viopations 
decreased rhen the srooe wus moved eft in run number 4-21-1. 
With tie probe still further eft (just forward of the base), 
it was noted thet the orobe wus pressed down egainst the 
Wogy 200d did not viprate at all. 

DamecU trom. buits olacee Oa tiie body in various. loca— 
tions ia runs 4-2-7, 4-22-15 ana 4-22-16 indiceted that 
benind the jet, flow was generally upward awey from the 
bea, in toe vVeelavity of tuos < ane 4, vuile flow was egein 
Serelle! to tie wody in the neisiivorhood of taps 5 enc 6, 


oescHu@wnW 14 Fis. 15a. ; 














eo mm@ee se wo pSservations it seems licely tuet the jet, 


eicter leevin., returns to tne body. JInis return to the 
vody eprecrs to de = function of P,/P, es evidenced by the rear- 
mero movement Oo; tire nin oresSsure zone on tze tail with 
M@eeeccia, P,/P; (to be discussed iater). It is also apparent 
Pueemcction of the Lengtn of tie body. 

Memeate tion to tne return of the jet flow to tne tail, 
tuere Periears to be an unsteady coudgition lu the jet flow, 
es eviuencea by the rat:.er wide scatter of plotted points 
Moree NO. S &€S Shown i1 Figs. 4 and 7. 

fee oer ison of Figs. 15, 1d, end L7 with the Schlieren 
Meotorravs (Figs. 13 end 19) snows ¢ close correlation between 
SHOCK Me on: Pde bOwweee LFS 01 Seemonotozraphns with 


Meee Se 7ones Of Fis. 15, 16, ana 17. Fig. 15a. snous 


4 


meee SxeCtc:. Of a SChileren photozraoh wat zero cngle of 


a 
tA 


peewee bt) the straight nozzle installed. Comoaring Fig. 15. 
With Fiy. 15a. it can be seen thet the small high pressure 
zone eneza of tme noz7le corresponds to the shocxs produced 
eaneaea of tne jet. In this area one vould expect to find high 
oressures aue to tne snock. Tne large suction zone in the 
[omer Of the jet on Fig. 15. is indicated by the tuft 
ieee lons ju-t benind the jet (Fir. 15e.). The return of 

tne jet to the tall (discussed above) is evidenced by a line 
Meaperseonuvioulty returning to ene evil ( ie oon ints 
fiem@ereturn vould also account for the high oressures on tne 


Pie as Uc jet ilov, elthoush expanding rapidly, would 











Urobably stiil se of nigher pressure where it strixes the 


td 


tail than the pressures over this region when no jet was 


acting. 
_& gfrect: 

Comparison of Figs. 15. and 16. revealed tnat at &% = 0° 
é larger area on the model was affected by the suction from 
the jet than at & = 14°. The same occurs in the high suction 
zone just behind tne nozzle. For the high oressure zone 
just forward of the nozzle, areas of approximately the same 
size were affected. The hizh pressures felt neer the tail 
in the vicinity of tan number 6 ere aporoximstely the same 
for A= 0° ana X% = 14°. This seems to indicate that there 
will be a greater body normal force developed from tne jet 
Pomuemmat OX = 0° because of the larger suction erea. Tends 
is verified by the resuits of the pressure integration to 
Peweocucsed later. 
Nowmealeretitiect: 

In comparing Fizs. 15 and 17 it should be remeribered 
tnat for the divergent BI GZe au? to its smailer throét area, 
mass flux through tne jet is approximately 25% of that through 


Baemstreimht nozzle for a given P /P) VoErwe. Figs. 1G eare eae 


O 
Pacem comparison of the apiroximate retions of suction and 
Pieeoure over tre vody fur tie straisit nozzle ana the diver- 
Pomemmeecile, recoectivyely; both atm 14° angle of uttuck. 
Prom Figs. 16 end 17 it is noted thzt for the divergent 
Mozgzie (fig. 17) the high oressure zone in front of tie 


nozzle has narrowed consideravly. The suction zone from the 


— , 








divergent nozzle seems to extend over 4 lerger aresz than 


for tae straient Nozzle; ena is of louer overall intensity, 
The high pressure creg near the tail is of greater area 
enc greeter magnitude for the divergent nozzle. Frome Gini 
it wouic seen that the divergent nozzle will not have as 
greet an effect on the body normal force &éS will the Straight 
nozzle. Since the divergent nozzle has lower méss flux and 
fess shock effect than tye straizht aoncle Mes Ossie 
that @ more logical result inlgnt be shown by the use of 
masS flux @s &— viriable. Schlisren photograph, Fig. AO 
SuOWS & stronger jet shock tuan Fig. £1. where less mass 
ioe s bein. ejected. 

Mepecener oeculiar phenomenon seems to occur at taps 10 
Ole (Figs. 16 and 17) @#ere tie pressures reverse them- 
selves wien the nozzle iS cranged from SuraLtent to divergent. 
It is rather difficult to explzin this, but it is opelieved 
thet the side component of velocity from bie divergent nozzle, 
in some way effects the mixing zone and nNarrowus down the | 
suction zone in the vicinity of the jet. Tap number 10 
vould now lie in the band Of high pressures JUST ou terde 


; ‘ 
Eieeer ction zone, aS shown in Fic. 17. 


pint ner Petails of the Plows: 

The pressure Gistribution over the body for several of 
the curves in Figs, 4-l show reversal of trends as ey ay 
increases. A rather wide scatter of plotted pressures may 
also Le noted for several runs at higher p/P. Figs. 4, 


%, 42d 6 show that the only taps that reverse their trend ® 


— 








witn increesing Beye y are numbers £, 5, and 10. The reversal 


of number 2 might be accounted for b> the forward movement 
webee snoce formed in front of the jet. hs eae, was in- 
creased, number &€ miznt lie eventually in the suction zone 
created py tne jet, thus accounting for its reversal in 
trend. The reversal of number 5 seems to indicate that 

as oe Py increased the high pressure zone on the tail moved 
furtier eft. Number 10 shows a rether sharp drop for hign 
Aaa Values, possibly accounted for by tne fact that the 
suction zone frouwi tiie jet moves ratlner rapidly around the 
Dodysim the vicinity of the jet, for higher valves of P,/P,. 


ey 


Memer, ind nome to Figs. 7, 8, anc 9, tap number 2 shows 
Meeeroroaeraole scatter et nies Payee values. AS number & 
shows higher pressures witli. tice jet acting tnan for no jet 
(Po/P1 = 0), number 2 evidently lies in the area just behind 
Peeeeereck procuced Dy the jet, where a more or less turbu- 
emer e.10n eCxlsts as shovn by the Schlieren photoz;raoh, 
Poe, «lie SCauter of tend number G6 is probably due to 
tne unstezeay flow conditions produced by the jet. This 
unsteadiness is evicently felt more strongly where the 
jet returns te tne body, as discussed previously. 

meermeberen photozrephis Figs. <2 and £<é indicate tnet 
& silock is present in the jet flow just outside the jet 
EXMt. “me shocsa Woulc meen an increase in static pressure 
Powwow ete. tO’, Los Mi .nt partially account for the 


nish pressures at tao number 6 where the flon has returned 














eee eek cont isuretibn in ti.é jet flor is of the followe 


— 


cal aogoesrance: 


0 


heal 
fe, = il 


@ 


| ae 


€-2z— Meniscus 


an an 


4 ae 


al 
; - 
o aes - 
- a es ss, ees yl 


tht ; 

det 
feeeemiiay also be cle@riy seen in Fiz. 74. The configuration 
Gbovewis Sitiler to tuat of Fiz. @4a. except that here it 
Ps Geiiectea by tie tunnel tlou. Variation of the meniscus 
emer, 1, with: ahs: ae Wav meses flux is discussed in 
Appendix ioe 

Mmeneen ansle of attack of 14° 4 slot of P,/P) cee 

{for wes) SPO (yarere * iseee distence in inches along the 
top of tie body messured frou tue smuculéer) is shorn in 


Fig. £6. Ti.is olot aoes riot arree either with ti.eoretical 


m™) 


Gmmpeeeerimental recuits of Kel. 5 where the variation of 
M@m@eeoetticient of oressure (Cp) @long tie vody Wes found 
mememer ease Linearly withx. Co wes recomputca in terms 
of By Py e110 olotted on Fiz. £6 to Sdow the commarison. 
Tie investigation undertaxen in Ref. 5 was mecde et anvles 
of ettack from zero to ten degrees on a cune-cylinder body 
Pith @ cone enMle of 70°. Variations from this linearity, 


as shovun in Fig. 26 indicate thet, for angles of attack 


















zreater tnan one half tne cone angle, this linear variation 


Meemioetoneer exist. This suggests the possitility of further 
investigations concerning this variation. 

A possible cause of tnis non-Lineswrity may be the tnick 
Memnoasry leyer build up aiong tne top of the body as snown 
Dy Fig. <0. This cou1ic, peceuse of viscosity, elter the 
theoretical resuits in & manner. sigilar to the resuits of 
met. 6, “here viscous effects introduced a considerable 
fem bion from tive theoreticil predictions. 

Hormel igoeceg~moncnt About the Center of Gravity, ene Drags 

Mrenees ifn norméi force, crag, and moment asout the 
@emeer of Eravity, aque to tmé action of tue side jet, cnd 
Cie respective coefiicients ACyy, ACp, ana Avo, vere lee 
terminec by aoor oximmate integration as outlined in "Sample 
Sewsemeecions”, These results ere tebulzted in Table II and 
peeemeec 11) Figs. 27, <3, 62%. Tiemeolmt of coolicetion of 
Mees oltant norm@.] force is clso sown on Figs. 27, 2a, 
poem CO.usideretion of the avave fivures, it anpears 
thet Bie point of epplication of ti.¢ resultéent saormal force 
does not vary ¢ereetly with changes in angle of attic« with 
Poeescmeteit nozzle instelied. However, vhen tne straight 
nozzle is replaced py tie divergent nozzle a large forward 
Mwemment Of Lnis J%OLnNE OF clic 73io1 sos nofeu. This 
forward movement caused a reversal in s_gn of tne moment 


@getpreient (acy ). 


MLO CG 
iegecee Toles Ofvmewe Lfemultent asrmel force aac moment 


Boout £:.6 center of gravity vill be affected by tne Llengstn 


of tne body. If the body vere shortened by removel of 















section E, (Figs. £7, £8, 29) the upward resultant body 


@oerm@al force weulc be much greiter, ana its point of appli- 
cetion moved considerably. This would elso incr7ase a foe 

in a negative sense. Conversely, if the body were lengthened, 
meewco@iward normal force on the after oart of tte body would 
decrease tne uowerd resultant normal force and also decrease 
tie Se in & negative sense. In the tnree configurations 
investiz,eted (X= 0°, 14° for the straight nozzle,:- and 

O= 14° for tne divergent nozzle), tne resultant body 

normai force is in the sate direction as the jet flow. This 
Moeeroes tat tie jet 1s actin® as a pump creating a low 
Oieeeeure area On th= body esout the jet, thus giving a body 


normal force component directly opoosing tne jet thrust. In 


tigation, the m,aximum toay normal force component is 


> 


tis inve 
epproximutely five percent of the jet thrust (see "Sample 
Calculations). Therefore, the nominal jet tnrust will be 
decreased by aoduut Live oercent due to tne chéenge in pres- 
sure distribution over the body causea by the jet. 

Witn the straight nozzle installed, aCp increased with 
emsie of attack. At QA = 14° tne divergent nozzle gave a 
Pees, 65en “he straight nozzle. This sceus to be in 
eecwmenriun tie ltosic of the situatioh, as more mass flux 
end hence more disturbence was introduced by tne straight 


nozzle, aud one would normally expect tiis to cause greater 


fiis investigetion vas condiicted wita the thrust of 
Gie jet, acting at the center of gréevity, tending to decrease 


Peewee Of attack. It is likely in maneuvering 4 body 1b! 





actuel flight, tuat tiie opposite effect will be encountered 
when tne jet wili be used to increxuse the anyie of attack, 
In this Latter case, nowever, the Cianye in normal force 
meetin. trom alterations in pressure distrioution due to 
tne oresence of the jet will, from the above considerations, 


fee directly opoose the jet thrust. 
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CONCLUSIONS 


hs a result of ti.is investizetion, the following con- 















clusions may oe drawn: 

Mee ole, 2 CoMp_ex mixing enc flow patterh results 
meeibie sige jet, no stall develops even at a 14° angle of 
attecKk. 

wee 'ouinp" effect of t:.e side jet opooses the nomina® 
get turust by & maxinum of enproximetely five percent of 
mie tUlrust. 


‘ 


eee Ov irom tie side jet returns to tite pody near 
Mm@emcatt, thus not jet ¢ases Might cause damaysie to any tail 
surfaces installed. 

4. The meznitude of the chanze in normal force due to 
Meeeetde jet is a function of the lensth of the body. 

a 

5. Ine effect of tne side-jet is felt on a curved tri- 
angular section cf tne Lody neving its aoex just forward 
Of the side-jet ena extending to the tail. 

Cc. The divergent nozzle vitn a smaller mass flux does 


not have as -reat an effect on normsel force es tne straight 


NozzeLe. 


Tj. ithe effect of tue side-jet is to increase drag in 
ali cases considered. 
pee moment aot t. center of pravity is induced by 


remem ect gi t1.e sice-jet, wut tiiis again i: a funetion of 
é 
tre Lenzth of the »ody. 


wees DOSSiole That more iocical results might have 
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KECOMMBNDATION 


' 
ae 


| 


The following recommendations are mades 
1. That smoke be ejected with the sir from the side- 
met to give a visual interpretation of the flow. 
2. That higher P,/P, vslues be investigeted to corre- 
spond to those that mignt be encountered in actual flight. 
3. That the parameter T)/T, de varied independently 
to determine the effect of the hot jet gases. 


4. That the tunnel Mach number be veried independently. 











SAMPLE CALCULATIONS 


Wore neauctilons: 





Original data taxen from the menometer board pictures 
was reduced according to the following equations: | 
Bao Puen (Po - Gage) 
Py = ue - (PRy - Guye) 
wnere ‘ 
Py is the manometer board readins for the verious ori- 
fices (Nos. 1 through 17). 
is the avera,e of the four reference levei readings 


Pr 


shown on tne manometer board (Fig. 29a). 


\ 


~ 


Gage is the absolute pressure of Pp, reed in millimeters 
of mercury and converted to inches of mercury for each run. 

Par is the manometer pourd reading for the static floor 

1 

Orig ce. 

Pr is tue reference level reading on the manometer board 
Pormee] static floor orifice. 

As a specific example consider run 50-4-22-2. The mano- 


meter Doard for this run is snown in Fig. 29a. From Fig. 29a 


Pp = 7.40" 


= .945" Hg. (Not shown) 


qc? 
ry 
CG 

4) 

| 


= ey bk wor orificesne. 1 


~~ 
=n 
| 


Therefore Py = 11.71 - (73540 - .045) = 4.355" He. 


Stibariy Pj) 


PMy ~ ea. ~ Gage) 


P) = 11.42 - (7.23 - .945) 4.025" He, 











For run 4-22-2 Py = 80 psig. Corrected for Cage calibration 
(Fig. 29a) 


Po = 192.56" Hg. (Corrected for temperature 
end atmospheric pressure) 





Mere Po/Py = eee? = 48.1 
ce Oe) 


No correction for parallax was made as the parallax 
correction cancelled in the P},/P,] computations, and as P, 
was only read to +.5 lbs. it was not considered ia the 
P./P ] computations. 

Intesgration: 

A samole of the integration for normal forces is shown 
fee 1S. snd 14. ere Bere for veach orifice is plottecs 
where aP}/P1is the difference between the Pp)/P, for maximum 
ea ena the Bee for Ae = 9. Curves of aP,/P3 were 
then plotted as shown on Fig. 1%. for @ = 0°, 45°, 90°, 
135°, and 160°. In some case extrapoletion of these curves 
was necessary. The body was then divided into 5 one inch 
sections es shown on Fig. 18. anda the values of aP,,/P} 
plotted as on Fig. 14. for Station "ct, These values were 
then integrated as shown on Fig. 14. by taking AP, /P, x cos @ 
over one half the body as shown on the upper plot on Fig. 14. 


Tnis area was then proportional to the normal force. From 







the dimensions of the integration; 


, : Total . ae 
Normal force in los. at station C = (.1) x (Area ) x (Py in lbd/i 


N = (.1) (Area) (.48) = (.948) (Area) 


N (.048) (6) = .288 lbs. 


Similerly, Drag was computed by taking (resultant normal 


- ce) (sin Oo ) + [ ( AP, 7. aa eee és | [ cos a 2 Here an assump tion 





was mede that aP,,/P, on tne base was a constant value over 


tie base 


pe weewceame Value aS S.iogn for tao No. 7. This 


mes necesszery as Mo. 7 wes the only orifice wiving base 


oressures. 


memartely consid'red as approximate in nature. 


Tne 
sections 


Assuiflinas 


Goomeee jet, C, 
- =Cc 


93, 29. 


Cy, 


vhere 


5 = 


Cc = 


end D = 


eS 


raemaons at eeCch of the five 


‘D 


Gur 


(UL 
< 


apove proc 


eae recults plotted 2S Sliown on Figs. £7, 28, 29. 


eee tive CeaLer O01 grevity of the entire body was 


Ch, enc Gy vere computed from the following equations 


CG 


We Pym = £.4 ite. /in.* 
eee een) are so. body = 7! sq. in. 
Wiamet-r of body = 2 incenes. 
forces in nounds 


wement in inc: pounds 





‘ 
ie kd 
NaF Glas 


Hf 
i = 





eeevton 20%, bme bminel thrust of a rocket i 


turust in pounds 


mass flux in slugs/sec. 


S 


Tne resultinz draz values shoula therefore be 





L “ined 


was then computed and also plotted on Figs. 27, 


¢ 
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Assuming that the throat of the straiznt nozzle is st the 


fit clhis 


= 
il 


U < 
© 
il HI 


Ze) 
5 
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> 
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Tnerefore 


Thrus 1m 


From 


Computation of m; fmass flux in siugs/sec. from the jet) 


i ns 


= erfective exit velocity ft./sec. 


exit pressure in lbs./ft.? 
tunnel pressure in lbs./ft.? 
Preeeoa nozzle exit in sq. ft. 
gives for maximum ae 


00527 slugs/sec. 


1128 ft./sec. = speed of sound at throat 


(.5262 x P.) = (.5283 x 105) = 55.5 lbs./in.* = 7990 1b/ft 


(-00527) (1148) + (7990 - 3£4)(.99949!) 
twit 2.72 = 9.72 lbs. 

Pieessure intesrétion over the body 

(= Bani asses Fie, 27. 

We = .518/9.72 = 0558 


Or N is approximately 5% of tie ti.rust but in the 


Se7osite direction. 


J 
Pry = Y VAP _ _ Y MAP ae ? = xP 


az 9 


Pa YP. PB 7 Y Ae (052838 ) 
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oa 


ih j -JOO7E AyP, slugs/sec. 


for straigit nozzle a, = (9000564) (P.) Siugs/sec. 


for divergent nozzle my = (.9009127)(P,) slugs/sec. 











APPENDIX A. / 


Included nereia fs a description of the suversonic 
mena tunizel at ti.e University of Micnigan Aeronautical 
Peseaerch Center ano é€ oresentation of ecerodynamic cnaracter- 
istics and physicél dimensions necessary for the planning 
of wind tunnel tests. 
I. General Confizsurations 

The wind tunnel is an intermittent vacuum tyve with ~ 
its operating potential resuiting from the oressure differen~ 
tial between cir stored ét atmospheric pressure end the low 
pressure of an evacuated tank. A diagrammatic sketch of 
tne tunnel components showing their relative lLocetion is 
showa in Figure l. 

This figure shows the 24,000 cu. ft. fevric storage 

mee, its outlet to the tunnel channel, the test section, 

the diffuser, the master vulve, and outlet into the 12,000 
eu. ft. vacuum tank. Tne éir is drawn from the vacuum 
Rees by the vacuum pump, forced through the surge tank, 
through the percipitron filter and into the storage bag. 
A separate circuit continuously draws air from the front 
end of the storase bag througn é drier utilizing activated 
alumina and vac« into the storézge bag. 
Ti. ZTunnel Channel 

The tunnel channel consists of the nozzle region, the 


test section, and the diffuser. The test Mach number is 








obtained oy tue use of removable nozzle dlocxs. These 
blocks are 56" in Length and span the 8" width of the tunnel. 
Emewanticipeced tae Mech numbers ere 1.5, <, 2.5, &, 3.5, 


mga, ot Wiiien the 1.5, 2, 4, una 4 ere presently available, 





The test section of the tunnel is of uniform cross sectiong 
uncorrected for boundary Layer, 8" wide and 1é" deen with an 
meee lencto of 45". The test section side walls are 
Mmepeedewmicn Oo .ticc.lly ground windows 16" in diameter for 
Senlieren shotograph and visual observation. The diffuser 
is of the immoveble body tvne. The tunnel channel is shown 
Tiefieure <. 

SeiseeeeRerogynaicic Characterist.c Within the Test Section 

Plottec in Figure @. are the static pressure, temperature, 
S oaeeemeressure, Censityv, and Reynolas Number «s u function 
of the test section Mach numder. Shown in Figure 4. are 
tne Mach numer anc pressure distributions at Mach 1.9, the 
Mech number et vhich these tests were run. Fisure 5. is a 
olot of tunnel run time as 6 function of tue time required 


to evacuéete tie tanks. 
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SECTION A-A 









STOUASE Ae 

(VOL. £4,000 CV. #7) VACUUM TAMS 

CG UNITS - TOTAL VOLUIE 
APPLOX. 12,000 Ch FT) 





FLAN View 


FIGUKE / 
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APPENDIX B. 
Apparent Linearity of Meniscus Length with P,/P, and 


U 
Fig. £0. shows a nlot of weniscus length (1) (see sketch 


So 


Mee) vs. P./P, for % = 0° cna 14°, straight nozzle; and 


for & = 14°, divergent nozzle as tabulated in Tavle III 
Phis distance 1 vas measured from tue centerline of tue jet 
Mme to the meniscus of the jet snock, which is formed in 
tne jet flow, aid discussed under "Resuits and Discussion", 

neferrin: to Fiv. 20. there appears to be a lineer rela- 
mon between tne location of this shocx meniscus anc thie 


p_/P, values. 
Se 1 
Fig. 31. shows a similar relation between meniscus 


Beneth (1) «n2 m; as Tepe red ite toabke iV. Here again a 


linearity seems to exist. 
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pPmee DLA U. 


shadowsraph of tte wodel with tt: side 
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Met sperctive.” Tne Wocel is et a 14° cn le -f attack. & 
Meee tar Oenomenon if preseiat st tie jet exit. Here the 
Meo exit, ultlio. i fiush vwiti. t..e body on the actual model, 
mepecrs to 5 sun«cen enm to nave shoulders on ecitnor cide. 


Mets is an excellent sltuouen extreme exemnle of the prin- 


es 98 


ie 


Mee. cc CeOOMere Ti cS Cescribec in nef. &, p 
MeeeeS. FS Stated itp hef. 3, "a density gradient in the 
Memecelises = deilection of TAP rev: in tae cirection of 

Me mracient". In the shedowWSreph, raferrin, to the "sunken™ 
Meeecrence O° tie is Peery 15 vem stron. from the 
low cressure . ree ou tsice Cie eb tO vec oweeritivealy hiss 
Bre: ures in the jet itself. This wi1Ll céeuse a downvard 
eee sO OL tO lier 2M pessin; t¥Pougn the jet und 
Omeet eceount cor tne “sundcen’ effect 7? t™e jet. 

howe to Tae Meee erst on CRM jct @Rit the 
Meee eioe 1° Crue. tne trénsition trom low oressure on the 
meee Jat CPUC tee Gee oxit to taf pick preegures in tle 


moo om ¥t Cebeonds Dutside Th arty Sives - stron. unvward 
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